and mammalian tissues (3, 44, 48, 59) . Although the substrate ranges and subunit structures may differ, CoA transferases appear to be mechanistically and functionally very similar (2, 24, 51, 57, 62) .
We report here the identification and characterization of the genes, designated peaI and pcaJ, encoding the two subunits of P-ketoadipate:succinyl-CoA transferase from P. putida.
When the deduced amino acid sequences of the P. putidapcaI and peaJ genes were compared with the sequences of two bacterial CoA transferases as well as with a eukaryotic CoA transferase sequence, all of which have very recently become available, a high degree of amino acid identity was seen. These comparisons, combined with previously published protein structure and mechanistic data, allowed assignment of probable catalytic domains as well as the identification of individual amino acids that are likely to be critical for catalysis.
MATERUILS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 .
Media and growth conditions. Cultures of P. putida were grown at 30°C in defined mineral medium as described previously (38) except that media containing tetracycline were made with 1% rather than 10% mineral salts solution. Brackets indicate known gene clusters in P. putida (5, 27) .
Carbon sources were sterilized separately and added at the time of inoculation (final concentrations: benzoate and 4-hydroxybenzoate, 5 mM; succinate, 10 mM). Escherichia coli strains were grown in Luria broth (LB) (9) at 37°C. For P. putida, antibiotics were used at the following final concentrations: tetracycline, 50 ,ug/ml, and kanamycin, 100 ,ug/ml. For E. coli, the following antibiotics were used: ampicillin, 100 ,ug/ml; tetracycline, 25 ,ug/ml; and kanamycin, 100 jig/ml. For Lac' colony screening, isopropyl-13-D-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-indolyl-13-Dgalactopyranoside (X-Gal) were added to final concentrations of 0.1 mM and 40 j,g/ml, respectively. Solid media contained 1.5% agar.
DNA manipulations. Plasmid DNA to be used for cloning and sequencing was purified by the method of Lee and Rasheed (30) . Restriction endonuclease digestions were performed according to manufacturer's instructions (New England Biolabs, Beverly, Mass.). Dephosphorylation reactions with calf intestinal phosphatase (Boehringer Mannheim, Indianapolis, Ind.) were carried out as described previously (1) . Ligation reactions and agarose gel electrophoresis were done as described previously (45) . DNA fragments for subcloning were purified from gel slices with GeneClean (Bio 101, La Jolla, Calif.).
DNA sequencing and analysis. DNA sequences were determined by the dideoxy chain termination method with a commercial kit from United States Biochemical Corp. (Cleveland, Ohio) and 35S-dATP purchased from Amersham (Arlington Heights, Ill.). Sequencing of the pcaIJ region was done by using synthetic oligonucleotide primers (typically 17 to 20 nucleotides in length) and a combination of DNA templates, including pPX202, pHRP110, and pHRP122, a clone that contains more DNA upstream of pcaI (Fig. 2) . Plasmid DNA was denatured and annealed to primers as described by Hattori and Sakaki (21 method of Hanahan (18) . Broad-host-range plasmids (pRK415 and derivatives) were mobilized from E. coli S17-1 into P. putida by patch matings on LB agar plates incubated overnight at 30°C. The resulting cell culture was suspended in mineral medium, washed once, and plated on appropriate selective media.
Measurement of enzyme activities. Cell extracts were prepared from E. coli or P. putida cultures (50 ml) that were harvested in the exponential phase of growth (A660 of 0.25 to 0.5). Cells were washed once with minimal medium, and pellets were stored at -20°C until just prior to disruption. Thawed cell pellets were resuspended in 1 ml of a solution of 50 mM sodium phosphate buffer (pH 6.8) and 1 mM dithiothreitol. Cell suspensions were disrupted by sonication, and cell debris was removed by centrifugation. The 1-ketoadipate:succinyl-CoA transferase assay has been described previously (66) . Briefly, the assay mix contained 10 mM 3-ketoadipate, 400 ,uM succinyl-CoA, and 40 mM magnesium ion in 200 mM Tris-HCl buffer, pH 8.0. After addition of cell extract, the increase in A305 (corresponding to the formation of the P-ketoadipyl-CoA-Mg2+ complex) was measured. One unit of enzyme activity is defined as the amount of enzyme required to convert 1 ,umol of substrate to product in 1 min under the assay conditions used. Protein concentrations were determined by using the method of Bradford (4) with reagents from BioRad (Richmond, Calif.) and bovine serum albumin as a standard.
35S labelling of P. putida gene products in E. coli. The method used to express the P. putida genes in E. coli was done as described previously (1, 55) with the following changes. Duplicate cultures of E. coli DH5a(pGP1-2) harboring either pT7-5 or pHRP124 (Table 1) were grown as described previously (1) . One set of cultures was treated with rifampin (200 ,ug/ml, final concentration) for 20 min at 30°C prior to pulse-labelling with L-[35S]methionine (Amersham) at room temperature for 5 min. Samples were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (1), and radiolabelled proteins were visualized by autoradiography (1) .
Nucleotide sequence accession number. The nucleotide sequence reported here has been submitted to GenBank and assigned the accession number M88763.
RESULTS
Complementation of P. putida 1-ketoadipate:succinyl-CoA transferase mutants. The plasmid pPX202 (Fig. 2) contains an 8.5-kb EcoRI fragment from P. putida cloned into pUC19. E. coli carrying pPX202 had been reported to express P-ketoadipate:succinyl-CoA transferase (27) . We verified this expression by complementing two P. putida CoA transferase mutants as follows. The 8.5-kb EcoRI fragment from pPX202 was cloned into the broad-host-range plasmid pRK415. The resulting plasmid, designated pHRP100, was mobilized into PRS2241 and PRS3004, two previously described derivatives of PRS2000 that are unable to grow on either benzoate or 4-hydroxybenzoate and which have been shown to be defective in the synthesis of ,-ketoadipate: succinyl-CoA transferase (27, 36) . Plasmid pHRP100 restored the ability of both mutants to express P-ketoadipate: succinyl-CoA transferase (Table 2 ) and to grow on both benzoate and 4-hydroxybenzoate.
Localization of the pcaI and pcaj genes. Several restriction fragments from pPX202 were subcloned into the vector pHG165 (54) , and culture extracts of E. coli harboring the resulting plasmids were assayed for CoA transferase activity. The smallest subclone that expressed P-ketoadipate:
succinyl-CoA transferase activity contained a 2.9-kb EcoRIPstI fragment (pHRP110; Fig. 2 ). CoA transferase activity was detected in E. coli cell extracts only when this 2.9-kb fragment was located downstream of the lac promoter of pHG165 (pHRP110; Table 3 ). No activity was detected when the fragment was cloned in the opposite orientation (pHRP111; Table 3 ). The lower activity in extracts of E. coli carrying pHRP110 compared with those carrying pPX202 is probably due to the fact that pHG165 is a lower-copynumber plasmid than pUC19 (54) .
Identification of the pcaI and pcaJ gene products. The Tabor and Richardson T7 expression system (55) allows selective expression of cloned genes in E. coli. Genes are cloned downstream of a phage T7 promoter in the vector pT7-5, and a heat-inducible T7 RNA polymerase gene is supplied on a second plasmid (pGP1-2). Addition of rifampin just prior to pulse-labelling eliminates background E. coli protein synthesis (unlike E. coli RNA polymerase, T7 RNA polymerase is insensitive to rifampin). When the 4-kb EcoRI-HindIII fragment from pPX202 was subcloned into the T7 expression vector pT7-5 such that the phage T7 promoter was in the correct orientation to drive peaIJ transcription (pHRP124, Fig. 2 ), two proteins with apparent molecular weights of 25,000 and 24,000 were produced following induction of the T7 RNA polymerase (Fig. 3) . These proteins corresponded very closely in size to the reported sizes of the two subunits of purified P. putida ,B-ketoadipate:succinyl-CoA transferase, 25,300 and 24, 200 Da (66) .
Sequence analysis of the pcaIl gene region. Computer analysis of the DNA sequence of the peaIJ region (Fig. 4 (Fig. 4) . The previously reported amino acid composition of the native enzyme (66) also correlated well with our deduced amino acid sequences.
To determine the site of the TnS insertion in the CoA transferase mutant PRS3004 (27) , cloned DNA from that strain was sequenced by using a primer complementary to the ends of TnS. Additional primers complementary to peaJ DNA were used to extend and verify the sequence. The insertion was located in the second half of the peaJ coding region (after the G at position 1844 of the sequence, Fig. 4) .
Codon usage. ThepeaIJ region has a G+C content of 63%, consistent with the overall G+C content of P. putida, 62.5% (39) . Codon usage is typical of Pseudomonas species (8, 58) . With few exceptions, G or C was preferred in the third position for amino acids with multiple codons. As previously noted for other Pseudomonas genes (8, 17, 58) , GGG (glycine) and CCC (proline) were avoided. Also, the use of leucine and arginine codons with C in the first position was favored. The preferred termination codon UGA (58) was also used in both ORFs.
Primer extension analysis. To determine the 5' end of the pcaI transcript, a 30-mer oligonucleotide primer complementary to nucleotides 700 to 729 (Fig. 4) was hybridized to total RNA purified from 4-hydroxybenzoate-grown PRS2000. The primer was extended with reverse transcriptase, and two major bands were consistently observed, one corresponding to the T at position 599 of the DNA sequence and one slightly weaker band corresponding to the C at position 600 (Fig. 5) . A search of upstream DNA revealed a possible E. coli sigma-70-type -10 region (GATAAI), but the corresponding -35 region sequence exhibited very poor similarity to the E. coli consensus sequence. However, evidence indicates that peaI is under positive control and that this type of promoter typically shows poor homology with the consensus sequence, especially in the -35 region (43).
Sequence comparisons. The predicted amino acid sequences were used to search the Swiss-Prot (release 20.0) and GenPept (release 70.0) data bases by using the FASTA program (42) . Three sequences with significant similarity were identified: ,B-ketoadipate:succinyl-CoA transferase from A. calcoaceticus (29, 47) , a putative subunit of the Clostridium acetobutylicum acetoacetyl-CoA:acetate/butyrate:CoA transferase (15) , and pig heart succinyl-CoA:3-ketoacid transferase (31) . Comparisons by using the Gap program in the UWGCG software package (10) gave the following results. The P. putida and A. calcoaceticus enzymes were 67% identical over the entire lengths of both subunits. The P subunits of each of these two enzymes were 43% identical to the putative CoA transferase subunit from C. acetobutylicum. Amino acid sequence alignments prepared by using the Pileup program of the UWGCG package (Fig. 6) showed that the bacterial a and P subunits align with the N and C termini of the pig heart protein, respectively, with high amino acid sequence identity (PcaIJ and the mammalian enzyme are-about 44% identical) and very few gaps. In many cases, amino acid differences involve conserved substitutions.
DISCUSSION
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A number of reports have indicated that Pseudomonas genes are not well expressed in E. coli (14, 22, 56) . The fact that pcaI andpcaJ appear to be positively controlled by a specific activator protein probably not present in E. coli may account for the poor expression. This is the first detailed report of a bacterial CoA trans- (Fig. 6) . The major gap in the alignment is located in a region of the pig heart protein that is highly hydrophilic (31) and falls between the alignments of the bacterial a and ,B subunits (Fig. 6 ). This region of the pig heart protein is susceptible to a proteolytic event (31, 32, 63) that cleaves the protein into two fragments but does not affect catalytic activity (31, 32) . The pig heart CoA transferase thus appears to consist of an N terminus corresponding to the ax subunits and a C terminus corresponding to the P subunits of the bacterial enzymes, suggesting that a gene fusion probably occurred at some time in the evolution of CoA transferases. Bacterial CoA transferases with homodimeric structures similar to that of the pig heart enzyme have been purified from Peptostreptococcus elsdenii (57) and Clostidium aminobutyricum (46) . However, the sequences of these proteins have not been determined. Enzyme-CoA intermediates have been detected in the reactions of several CoA transferases (23, 51, 57) . In the E. coli and pig heart enzymes, a glutamate residue appears to be the site of CoA thioesterification (23, 26, 51, 63) . Amino acid sequence alignments of the pig heart and the three bacterial CoA transferases revealed two conserved glutamate residues (corresponding to positions 344 and 358 of the pig heart enzyme [ Fig. 6 ]) in the region proposed to contain the site of thioesterification (26, 31) . Williams (63) determined the amino acid sequence of a short CoA-peptide fragment of the pig heart enzyme-CoA intermediate and located the site of CoA modification directly. Comparison of his peptide sequence to the sequences presented here allowed us to identify glutamate-344 of the pig heart sequence as the site of thioesterification (Fig. 6) . The sequence alignments indicate that glutamate-50 of PcaJ is the probable site of CoA thioesterification in the P. putida enzyme.
Thiol-modifying reagents have been shown to inactivate CoA transferases from pig heart (60) and various bacterial sources, including the P. putida and A. calcoaceticus enzymes (67) , suggesting the presence of an active site cysteine residue. According to the Pileup alignment (Fig. 6) , there are no conserved cysteines that occur in all of the available sequences, suggesting that an essential active site cysteine is not necessarily a general feature of CoA transferases.
Glycine clusters are part of ADP-binding 3atP folds (61) that have been implicated in binding ADP-containing substrates or cofactors such as NAD or FAD. Williams (63) noticed the presence of a glycine cluster in the N-terminal amino acid sequence of the pig heart enzyme, with strong similarity to the consensus sequence described by Wierenga et al. (61) . He suggested that it may be the first example of a glycine cluster involved in binding the ADP moiety of CoA. Both bacterial ,B-ketoadipate:succinyl-CoA transferases have glycine clusters in the a subunit (Fig. 6) , suggesting that this part of the protein may be important to the function of CoA transferases by binding CoA. This work not only sets the stage for a detailed molecular analysis of the pcaIJ gene region but also targets specific amino acid residues for future site-directed mutagenesis studies to directly identify catalytically important regions of the CoA transferases.
